The detection of morphological red blood cell (RBC) abnormalities is of vital importance in a variety of diseases. For thrombotic thrombocytopenic purpura (TTP), the presence of schistocytes in a peripheral blood smear is a major criterion for the diagnosis. TTP is an acute life-threatening disease in which the protein ADAM-TS13 (a disintegrin and metalloprotease with thrombospondin type 1 motif, member 13) is ineffective (e.g. due to the presence of antibodies to ADAM-TS13). The function of this protein is cleavage of the coagulation protein von Willebrand factor (VWF) into smaller pieces [1] . Since ADAM-TS13 is inactive, blood clots are formed more rapidly which capture thrombocytes, resulting in a thrombocytopenia. Erythrocytes are fragmented by these clots, leading to hemolytic anemia and schistocytes. Patients often present with fever, hemorrhage, neurological symptoms, petechia and renal damage. Alongside, an increased lactate dehydrogenase (LDH) and a decreased haptoglobin are seen.
80 features calculated for each RBC image. Some examples of used features are roundness, size, distribution of notches around the border and size and shape of inner pallor. The suggested morphology by the system can be changed or verified by the user. The results are represented as a percentage value and a grading which is based on a conversion table defined by the user in the settings file.
With the use of digital imaging and this novel RBC module, the morphological analysis of schistocytes could be significantly improved, resulting in a faster diagnosis.
Here we set out to evaluate and validate a novel RBC module capable of detection and classification of RBC abnormalities (e.g. schistocytes). For this, pre-and post-classification was performed on a cohort of patient samples and healthy controls. Pre-classification was performed by the RBC classification module without manual intervention ( Fig. 1 ) and postclassification by a morphological expert. To determine correlation and accuracy, statistical analysis was conducted.
Classification analysis of schistocytes was performed on 16 peripheral blood smears from patients in which schistocytes were present and a cohort of normal blood smears (n = 10). These samples were generated with the SP-10 (Slide-makerstainer, Sysmex) from venous blood collected in EDTA tubes and stained according to the May-Grunwald Giemsa stain. Of these 16 patients, one was diagnosed with TTP. The remaining 15 samples included diagnoses such as thalassemia, solid tumors, myelofibrosis, myelodysplastic syndrome (MDS-RAEB 2), chronic lymphocytic leukemia (CLL), mantle cell lymphoma and some unknown (Table 1) . Approximately 2,000 -4,000 RBCs were classified per blood smear by the RBC module (Cellavision) in about 1 min. Statistical analysis was performed using the EP evaluator software from Siemens Healthcare Diagnostics and the Passing-Bablok method for regression analysis. The Passing-Bablok method is a linear regression procedure with no special assumptions regarding the distribution of the samples and the measurement errors [4] . Classification of the 16 samples resulted in a range of 1.2- 19.0% schistocytes in the pre-classification and 0.5-12.3% schistocytes in the post-classification (Table 1) . Pre-classification of the normal blood smears (n = 10) resulted in a range of 0.3-1.4% schistocytes and 0.1-0.2% in the post-classification. According to the VHL guidelines [3] , eight of the 10 normal blood smears and none of the patient blood smears were falsepositive, leading to a specificity of 80%. No false-negative samples were generated, leading to a sensitivity of 100%. Statistical analysis showed a good correlation (Fig. 2) between the pre-classification and post-classification (correlation coefficient of 0.95 and y = 0.77x -1.1), with approximately 20-25% over-estimation of schistocytes by the RBC module. Regression analysis showed a constant bias of -1.09% and a statistically significant proportional bias (1 -0.773) with a confidence interval of 0.579 -0.938. Reproducibility was tested using a sample with schistocytes (1.8%) and a sample without schistocytes. These samples were analyzed in 10 consecutive runs, resulting in a variation coefficient (VC) of 0.16% for the sample with schistocytes and a VC of 0.79% for the sample without schistocytes.
Despite the polymorphic shape, recognition and classification of schistocytes by the RBC module is good. The pre-and post-classification of this aberrant morphological RBC shape also showed an excellent correlation (0.95). For healthy individuals, the pre-classification of schistocytes remained below 1.4%. For patients, the percentage of schistocytes started at 3.2%, with one exception of 1.2%. Amongst our patient samples a blood smear of a TTP-patient was present, which already showed 13.0% schistocytes in the pre-classification! Automated morphological screening of blood smears using digital imaging in combination with cell-counter results (and schistocyte flagging) and a pre-classification limit set at approximately 1.0% schistocytes could help to distinguish diseases. More importantly, this could lead to a faster diagnosis of TTP, even without manual intervention.
